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Purpose: While rearing chicks in constant light (CL) inhibits anterior segment growth, these conditions also induce excessive enlarge-
ment of the vitreous chamber. The mechanisms underlying these eﬀects are poorly understood although it has been speculated that the
enlarged vitreous chambers are a product of emmetropization, a compensatory response to the altered anterior segments. We examined
the ability of eyes to compensate to defocusing lenses in CL as a direct test of their ability to emmetropize. We also studied recovery
responses, i.e. from lens-induced changes in CL as well as CL-induced changes alone or combined with lens-induced changes in eyes
returned to normal diurnal lighting (NL).
Methods: Hatchling White-Leghorn chicks were reared in either CL or NL (control) lighting conditions (n = 36) for 2 weeks, with
lenses of either +10 or 10 D power ﬁtted to one eye of all chicks at the beginning of the second week. The lenses were removed at
the end of the same week, at which time some CL chicks (n = 14) were shifted to NL, the rest of the chicks remaining in their respective
original lighting conditions. Retinoscopy, IR photo-keratometry and high-frequency A-scan ultrasonography were used to track refrac-
tions, corneal radii of curvature and ocular axial dimensions, respectively; data were collected on experimental days 0, 7, 9, 14 and 21.
Results: Under CL, eyes showed near normal, albeit slightly exaggerated responses to +10 D lenses while the response to 10 D
lenses was disrupted. With +10 D lenses, lens-wearing eyes became more hyperopic (RE), and had shorter vitreous chambers (VC)
and optical axial lengths (OL) relative to their fellows by the end of the lens period [RE: +10.5 ± 1.5 D, CL, +8.25 ± 2.5 D, NL;
VC: 0.363 ± 0.129 mm, CL; 0.306 ± 0.110 mm, NL; OL: 0.493 ± 0.115 mm, CL, 0.379 ± 0.106 mm, NL (mean interocular diﬀer-
ence ± SD)]. With 10 D lenses, the NL group showed a myopic shift in RE and increased elongation of both VC depth and OL (RE:
10.75 ± 2.0 D; VC depth: 0.554 ± 0.097 mm; OL: 0.746 ± 0.166 mm), while the CL group showed a small hyperopic shift in RE
(+4.0 ± 6.0 D). Nonetheless, CL eyes were able to recover from lens-induced hyperopia, whether they were left in CL or returned to
NL. One week of exposure to NL was suﬃcient to reverse the eﬀects of 2 weeks of CL on anterior and vitreous chamber dimensions.
Conclusion: CL impairs emmetropization. Speciﬁcally, it disrupts compensation to lens-imposed hyperopia but not imposed myopia.
However, CL eyes are able to recover from lens-induced hyperopia, suggesting that the mechanisms underlying the compensatory
responses to defocusing lenses are diﬀerent from those involved in recovery responses. The ocular growth eﬀects of CL on young eyes
are reversible under NL.
 2007 Elsevier Ltd. All rights reserved.
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The epidemic levels of myopia in some Asian countries
(Au Eong, Tay, & Lim, 1993), the potentially sight-threat-
ening complications associated with myopia (Curtin, 1985)
and the possibility that myopia might occur as a product of
1856 V. Padmanabhan et al. / Vision Research 47 (2007) 1855–1868emmetropization have stimulated renewed interest in the
mechanisms underlying the latter.
The term, emmetropization, describes the process by
which neonatal refractive errors are corrected through
adjustments to eye growth. Although emmetropization
has a passive component, an optical artifact of normal
eye growth (Edwards, 1992; Hofstetter, 1969; Wallman,
Gottlieb, Rajaram, & Fugate-Wentzek, 1987; Wildsoet,
1997), animal studies have provided convincing evidence
for an active component as well. For example, when lenses
are used to impose focusing errors on the eyes of young
animals, compensatory growth changes involving both
the choroid and sclera follow. Chicks, the most widely used
model for this research, are able to compensate for a wide
range of imposed myopia and hyperopia (Irving, Sivak, &
Callender, 1992; Nevin, Schmid, & Wildsoet, 1998; Schaef-
fel, Glasser, & Howland, 1988; Wildsoet & Wallman,
1995). The bidirectional nature of these responses and their
rapid onset points to an active regulatory mechanism; that
young chicks are able to recover from experimentally
induced refractive errors, e.g. seen when lenses are removed
after compensation has occurred, has been interpreted as
further evidence for active emmetropization (Irving, Cal-
lender, & Sivak, 1995; Wildsoet & Wallman, 1995).
Apart from optical defocus, the light cycle used in rear-
ing also can inﬂuence early eye growth. Of relevance to the
study reported here is the observation in chicks that con-
stant light (CL) inhibits anterior segment growth while
enhancing vitreous chamber elongation (Jensen & Matson,
1957; Kinnear, Lauber, & Boyd, 1974; Li, Troilo, Glasser,
& Howland, 1995), although there are strain-related diﬀer-
ences with the Cornell strain of White-Leghorn showing
exaggerated anterior segment changes (Li et al., 1995;
Stone, Lin, Desai, & Capehart, 1995; Troilo, Li, et al.,
1995). These ocular eﬀects of CL are reversible, provided
chicks are returned to diurnal lighting cycle (NL) at a suf-
ﬁciently early age (Li, Wahl, & Howland, 2002; Li, Wahl,
& Howland, 2004).
Understanding the inﬂuence of CL rearing on emme-
tropization in the chick may go part way to resolving the
on-going debate over the possible causal relationship
between altered light exposure and myopia in humans.
For example, there is a study linking exposure to light at
night in infancy and childhood myopia (Quinn, Shin,
Maguire, & Stone, 1999), and another linking myopia in
college students with reduced hours of sleep (darkness)
(Loman et al., 2002). However, other related studies have
questioned this link (Guggenheim, Hill, & Yam, 2003;
Gwiazda, Ong, Held, & Thorn, 2000; Saw et al., 2001;
Saw et al., 2002; Zadnik et al., 2000).
In relation to the eﬀects of CL on emmetropization in
chicks, there are two studies of direct relevance although
their ﬁndings are inconclusive. One study by Bartmann,
Schaeﬀel, Hagel, and Zrenner (1994) reports normal com-
pensation to both plus and minus lenses, although it is
not possible to rule out sign-related changes in these
responses due to the use of bilateral lenses of opposite sign.A second study by Guo, Sivak, Callender, and Herbert
(1996) avoided this problem by using monocular lenses ﬁt-
ted to hatchling chicks. However, while only partial com-
pensation to both minus and plus lenses was observed,
these data are confounded by the lack of a pre-lens CL
adaptation period as included in the Bartmann and Schaef-
fel study. Light is known to be an important Zeitgeber for
biological rhythms, among them, ocular growth rhythms
that are known to be perturbed by CL (Weiss & Schaeﬀel,
1993). Because other experimental manipulations that alter
ocular growth also appear to alter ocular growth rhythms
(Nickla, Wildsoet, & Wallman, 1998; Schmid, Papaster-
giou, Riva, Stone, & Laties, 1997; Weiss & Schaeﬀel,
1993), it is important that such rhythms be allowed time
to ﬁrst stabilize (free-run) under CL in testing the eye’s
ability to actively emmetropize under CL.
In the study reported here, we re-examined the eﬀect of
CL on active emmetropization. We asked three questions:
(1) is lens compensation in CL similar to that in NL, i.e.
is the emmetropization process altered in chicks reared in
CL, (2) can chicks reared in CL recover from lens-induced
changes while still in CL and/or when returned in NL, and
(3) does CL aﬀect choroidal thickness and/or other compo-
nents that contribute to eye length and if so, how reversible
are these eﬀects in chicks returned to NL. Thus we studied
the ability of eyes to compensate for defocus imposed with
spectacle lenses and also followed both lens-treated eyes
and their fellows after lenses were removed, to see if they
were able to recover from induced changes, in either CL,
in relation to the lens eﬀects, or in NL, in relation to lens-
and CL-eﬀects. The high resolution oﬀered by high fre-
quency A-scan ultrasonography (approximately 10 lm)
(Nickla, Wildsoet, & Wallman, 1997), also allowed us to
characterize the eﬀects of CL on ocular dimensions more
completely than in already published studies, which
employed lower resolution methods.
Aspects of this work have been published in abstract
form (Padmanabhan & Wildsoet, 2004).2. Methods
2.1. Animals and treatments
A total of 36 four- to six-day-old White-Leghorn chicks obtained from
a commercial hatchery (Privett Hatchery, New Mexico) were used in this
study. Food and water were available ad libitum. The chicks were allo-
cated to one of three groups, based on the lighting conditions to which
they were exposed over the course of the study. On arrival, chicks were
allocated to either normal diurnal lighting conditions and open cages
(NL; 12 h light/2 h dark cycle) or constant light (CL) and special sound-
and light-proof chambers. Lighting levels in the chambers were similar
to the levels in open cages, ranging from 331 to 385 lux. Chicks remained
in their allocated lighting environment for a 7-day period before the start
of the lens-wearing period that lasted another 7 days (days 7–14). The pre-
lens period of 7 days allowed all light-dependent body rhythms to become
either entrained (NL) or become free-running (CL). At the end of the lens-
wearing period, the CL chicks either remained in CL (rCL) or were placed
in diurnal lighting conditions (rNL) where they remained for another
7 days. In total, there were three diﬀerent rearing conditions: NLrNL (nor-
mal lighting throughout), CLrCL (constant lighting throughout) and
Table 1
Summary of experimental groups with numbers of chicks per group;
chicks were exposed across the 3-week study period to either constant light
(CLrCL), normal diurnal lighting (NLrNL) or to CL for the ﬁrst 2 weeks
and then NL (CLrNL)
Lens treatment Total CLrCL CLrNL NLrNL
+10 D 19 6 7 6
10 D 17 5 7 5
V. Padmanabhan et al. / Vision Research 47 (2007) 1855–1868 1857CLrNL (constant lighting followed by normal lighting). During the lens-
wearing period, chicks wore either a +10 or 10 D lens over their left eyes.
Table 1 summarizes the lens power–lighting combinations used along with
the number of chicks allocated to each treatment group.2.2. Measurements
Refractive error (RE), corneal radius of curvature (CR) and axial ocu-
lar dimensions were tracked over the study period using retinoscopy, ker-
atometry (IR photo-keratometer) and high-frequency (30 Hz) A-scan
ultrasonography, respectively. Measurements were made on experimental
day 0, at the start of the entrainment period, day 7, immediately prior to
lens ﬁtting, days 9 and 14, during and at the end of the lens wearing per-
iod, and days 16 and 21, during the post-lens recovering period. All mea-
surements were performed under gaseous anesthesia (1.5% isoﬂurane in
oxygen).2.3. Data analysis
Averages of values for the two principal meridians in the case of RE
and CR data were derived for use in analyses. Analyses of ultrasonogra-
phy data reported here are restricted to those components signiﬁcantly
aﬀected by the treatments although measurements encompassed the
dimensions of all three main ocular compartments of the eye, anterior
chamber depth (AC depth, measured from anterior corneal surface), lens
thickness (LT) and vitreous chamber depth (VC depth, measured to ante-
rior retinal surface) as well as the thicknesses of the three layers of the wall
of the eye at the posterior pole, i.e. retinal thickness (RT), choroidal thick-
ness (CT) and scleral thickness (ST). An optical axial length (OL) was
derived from these data as the distance from the anterior corneal surface
to the anterior retinal surface (AC depth + LT + VC depth). Scleral cup
size was estimated as the sum of VC, RT and CT. To isolate the eﬀects
of the lighting and defocus manipulations on ocular dimensions, data col-
lected at each time point were normalized to day 0 readings (pre-normal-
ized data), thereby eliminating normal inter-animal variations. Data are
presented in the text as means ± standard deviations (SD) and shown
graphically as means ± standard errors of means (SE).
Analysis of variance (factorial ANOVAs) in combination with the
Fishers’ PLSD post hoc test was used to assess intergroup diﬀerences. A
p-value of <.05 was considered statistically signiﬁcant.
In analyzing the lens treatment eﬀects, the data from CLrCL and
CLrNL groups were pooled. For these data, changes in both the lens-trea-
ted eyes and their fellow untreated eyes across the lens-wearing period
(days 7–14) were calculated after further normalizing the pre-normalized
data to day 7 readings, to eliminate the lighting-related diﬀerences (i.e.
between CL and NL groups), evident at the start of this period. The data
for lens-treated eyes were compared across lighting conditions and inter-
ocular diﬀerences in these changes were also compared across lighting
conditions.
The eﬀects of CL were separately analyzed using the untreated fellow
eye data pooled across lens treatments for each lighting condition; days
7–21 pre-normalized data were used.
To analyze the ability of these eyes to recover from lens- and/or light-
ing eﬀects, the changes across the recovery period (days 14–21), in both
previously lens-treated eyes and their fellows were calculated after normal-
izing the pre-normalized data to day 14 values, to eliminate the diﬀerencesbetween eyes on day 14. This approach allows the changes over the recov-
ery period to be more easily compared. Inter-ocular diﬀerences in these
changes were used to look for evidence of recovery from lens eﬀects. Addi-
tional analyses used day 14 and day 21 data normalized to day 0 values.
Data from the untreated fellow eyes were used to analyze the ability of
eyes to recover from CL eﬀects; here, the 16-day and 21-day data were
compared, after normalizing to day 14 readings. Additional analyses used
day 21 data normalized to day 0 values.
The experiments described herein conform to the ARVO Statement for
the Use of Animals in Research. The University of California, Berkeley
Animal Care and Use committee approved all experimental protocols.3. Results
Our data indicate that CL disrupts emmetropization
although not all expressions of emmetropization were
aﬀected. Speciﬁcally, under CL conditions the response to
plus lenses, i.e. imposed myopia, was compensatory while
the response to minus lenses, i.e. imposed hyperopia, was
opposite to that required for compensation overall. How-
ever, eyes were able to recover from induced hyperopia
under CL conditions and they also were able to recover
from the eﬀects of CL when transferred to NL.3.1. Responses to plus and minus lenses under CL and NL
conditions
3.1.1. Plus lenses
The response pattern observed with +10 D lenses under
CL was similar to that observed under NL and consistent
with previous observations for diurnal lighting conditions
(Wildsoet & Wallman, 1995). In NL, there was a relative
increase in choroidal thickness, and decreases in VC depth,
scleral cup length and OL, the net of these changes being
an increase in hyperopia that neutralized approximately
80% of the imposed myopia. That the changes in the vitre-
ous chamber depth were largely responsible for the refrac-
tive changes is indicated by the strong correlation between
the refractive changes and changes in both VC depth and
OL (RE and VC depth: r = .937, p < .0001; RE and
OL: r = .961, p < .0001). In CL, the plus lenses also
resulted in signiﬁcant increases in hyperopia, coupled to
shorter VCs, scleral cup lengths and OLs relative to their
respective fellow untreated eyes (see Fig. 1, left panel and
Table 2). Both groups of lens-treated eyes also had thinner
lenses than their fellows, the NL group more so, while the
converse was true for the eﬀects on scleral cup length and
RE (see Table 2).
Apart from the diﬀerences just noted between the CL
and NL groups wearing +10 D lenses, there are other sub-
tle diﬀerences in their response patterns that may reﬂect an
interaction between the eﬀects of CL and plus lenses. First,
only the CL group showed a relative reduction in anterior
chamber depth in the lens-wearing eyes (Table 2), and the
diﬀerence between the CL and NL groups was also signif-
icant for this eﬀect. Second, while most of the choroidal
thickening occurred over the ﬁrst 2 days for both groups
(0.306 ± 0.059 mm, CL, p < .0001; 0.206 ± 0.064 mm,
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Fig. 1. The changes in interocular diﬀerences (treated eyes  fellow eyes) in ocular parameters over the lens-wearing period (left, plus lens; right, minus
lens): (a) refractive error (RE) and optical axial length (OL), (b) vitreous chamber (VC) depth, choroidal thickness (CT) and scleral cup size, (c) anterior
chamber (AC) depth and lens thickness (LT). Means ± SE for pre-normalized data after further normalization to day 7 values plotted. Dashed lines with
circles represent chicks in constant light (CL). Solid lines with half-shaded squares represent chicks in normal lighting cycle (NL). Plus lens-wearing eyes in
both NL and CL groups developed increased hyperopia, shorter OLs and VCs. Plus lenses also increased CT in both groups but more transiently in the CL
chicks. Minus lens-treated eyes developed myopia, elongated VCs and OLs, and deeper ACs in NL. Minus lenses slightly increased hyperopia in CL.
Table 2
Mean interocular diﬀerences (±SD) in the changes in ocular parameters over the 1-week lens-wearing period, for chicks reared in constant (CL) and
normal (NL) lighting
Ocular parameter +10 D lens 10 D lens
Constant lighting Normal lighting Constant lighting Normal lighting
Refractive error (D) +10.5 ± 1.5* +8.25 ± 2.5*# +4.0 ± 6.0* 10.75 ± 2.0*#
Corneal radius of curvature (mm) 0.151 ± 0.097* 0.142 ± 0.073* 0.089 ± 0.099* 0.079 ± 0.090#
Anterior chamber depth (mm) 0.058 ± 0.047* 0.034 ± 0.044# 0.048 ± 0.079 0.221 ± 0.084*#
Lens thickness (mm) 0.071 ± 0.019* 0.107 ± 0.019*# 0.086 ± 0.025* 0.029 ± 0.017*#
Vitreous chamber depth (mm) 0.363 ± 0.129* 0.306 ± 0.110* 0.047 ± 0.343 0.554 ± 0.097*#
Choroidal thickness (mm) 0.006 ± 0.041 0.094 ± 0.062*# 0.077 ± 0.092* 0.003 ± 0.060#
Scleral cup depth (mm) 0.362 ± 0.131* 0.208 ± 0.095*# 0.021 ± 0.280 0.552 ± 0.103*#
Optical axial length (mm) 0.493 ± 0.115* 0.379 ± 0.106* 0.180 ± 0.369 0.746 ± 0.166*#
Raw data were initially normalized to day 0 (pre-normalized) and then further normalized to day 7 readings to isolate the eﬀects of the lens treatments.
Interocular diﬀerence* or diﬀerence between CL and NL groups# statistically signiﬁcant, p < .05.
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tained in the NL group. Thus choroidal thickness changes
remained statistically signiﬁcant for the NL group at the
end of the lens-wearing period although they were not sig-
niﬁcant for the CL group. Nonetheless, both groups
showed signiﬁcant regression of the choroidal thickness
changes over the latter half of this period
(0.312 ± 0.075 mm, CL, p < .0001; 0.112 ± 0.066 mm,
NL, p < .01). This regression of the choroidal thickening
responses presumably reﬂects the contribution to compen-
sation of the sclera that underwent a delayed inhibition as
mirrored in the relative decrease in scleral cup lengths
(Fig. 1b, left); for the same reason, no regression of the
VC response is evident.3.1.2. Minus lenses
With the 10 D lens, only the early response of the CL
group was in the correct direction for compensation; the
overall response pattern for this group was in the wrong
direction. Under NL, VC and OL elongation was enhanced
and the resulting myopic shift in refraction almost com-
pletely neutralized the imposed hyperopia (Fig. 1 and
Table 2). This response proﬁle was seen across all chicks
(Fig. 2, right panel) and is also consistent with previously
reported ﬁndings (Wildsoet, 2003). In contrast, while the
majority of eyes in the CL group also showed an early-15
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Fig. 2. The changes in interocular diﬀerences (treated eyes  fellow eyes) in oc
minus lenses: (a) refractive error (RE), (b) optical axial length (OL). Dashed li
chicks in normal lighting cycle (NL), right panel. Thick lines represent group m
normalized data after further normalization to day 7 values plotted. All of the
myopia and increased OLs. While the majority of the CL group also responded
developed increased hyperopia and shorter OLs, these changes being in the wmyopic shift in refractive error (1.5 ± 2.0 D, CL,
p < .05 vs. 3.0 ± 1.0 D, NL, p < .005; day 9; Fig. 2, left
panel), these changes did not prevail. Overall the lenses
induced a slight increase in hyperopia, with 8 out of 12
of lens-treated eyes showing increased hyperopia (Fig. 2,
left panel), instead of increased myopia, like the NL group.
Consistent with these changes in refractive errors, the eyes
of the CL group showed early increases in VC depth
(0.105 ± 0.15 mm, CL, p < .05 vs. 0.105 ± 0.067 mm, NL,
p < .05; day 9) (Fig. 1, right), with the majority of eyes
showing later decreases. However, the early increases in
OL did not reach statistical signiﬁcance for the CL group
(0.046 ± 0.15 mm, CL, NS vs. 0.136 ± 0.07 mm, NL,
p < .05; day 9). There was minimal change in VC depth
and OL overall (Figs. 1, right panel and 2, left panel).
There are also other diﬀerences between these NL and
CL groups; for the NL group, lens wear had little eﬀect
on CT and CR but resulted in a relative increase in AC
growth while the CL group recorded minimal change in
AC depth and small increases in CT and CR. Intergroup
diﬀerences attained statistical signiﬁcance for RE, CR,
AC depth, LT, VC depth, CT and OL (Table 2).3.1.3. CL-lens treatment eﬀects compared
Although the overall response patterns of the lens-trea-
ted eyes of the two CL groups shared some features, the-15
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1860 V. Padmanabhan et al. / Vision Research 47 (2007) 1855–1868hyperopia resulting from the late change in response direc-
tion in the 10 D lens group never achieved levels compa-
rable to the values elicited by the +10 D lens, and
statistical comparison of these two groups yielded signiﬁ-
cant results for most parameters (RE, p < .0001; CR,
p < .01; AC depth, p < .0001; LT, p < .0005; VC depth,
p < 0.005; OL, p < .0001).3.2. Recovery from lens-induced changes under CL or NL
conditions
All eyes were able to recover from lens-induced changes
on removal of the lenses, irrespective of the previous lens-15
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Fig. 3. The interocular diﬀerences (treated eyes  fellow eyes) in ocular param
chamber (VC) depth over the recovery period in previous lens-wearing chicks (
plotted. Dashed lines with circles represent chicks reared in CL throughout; CL
CL followed by NL). Solid lines with half-shaded squares represent data from
lenses were relatively hyperopic and shorter in OLs and VCs than their respe
decreases in hyperopia with increased elongation of OLs and VCs. Eyes made m
than their fellow eyes and showed relative decreases in myopia with slowed gro
group were similar to their fellows at the start of the recovery period and rem
initially, showed decreases in hyperopia, with increased elongation of their VCtreatment and lighting conditions during the recovery
period.
The three plus lens groups, i.e. NLrNL, CLrCL and
CLrNL groups, all entered the recovery period with shorter
than normal VC depths and OLs and large hyperopic
errors (Fig. 3, left), and all showed signiﬁcant overall rela-
tive myopic shifts in RE, and increases in LT, VC depth
and OL, compared to the changes in the fellow untreated
eyes during the recovery period (Table 3).
The three minus lens groups (NLrNL, CLrCL and
CLrNL groups), also showed recovery responses although
the already described diﬀerences in proﬁles of the NLrNL
group compared to the CLrNL and CLrCL groups at the-15
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recovery patterns. Indeed, their recovery responses are
opposite in direction to each other (Fig. 3, right); for
NLrNL group, there was a relative hyperopic shift in refrac-
tion, decrease in VC depth and an increase in CT that con-
tributed to a decrease in OL. These eyes also had
consistently deeper AC depths relative to those of their fel-
lows (0.146 ± 0.085 mm, p < .05), oﬀering an explanation
for why the choroids of these eyes remained expanded at
the end of the recovery period (0.178 ± 0.113 mm,
p < .05). By random chance, the previously lens-treated eyes
of the CLrCL group were not diﬀerent from their fellow
eyes at the start of the recovery period, except for having
thinner than normal lenses, and predictably, these eyes
recorded a signiﬁcant greater change in LT compared to
their fellows over this period (0.069 ± 0.027 mm,
p = .0005). These eyes also showed a signiﬁcant decrease
in CT (0.081 ± 0.052 mm, p < .01) and increase in OL
(0.199 ± 0.130 mm, p < .01) relative to their fellow eyes
over this period. On the other hand, the treated eyes of
the CLrNL group, which were more hyperopic with thinner
lenses and ﬂatter corneas than those of their fellow eyes at
the start of the recovery period (RE: +7.5 ± 4.75 D,
p < .05; LT: 0.108 ± 0.025 mm, p < .001; CR: 0.099 ±
0.068 mm, p < .05), exhibited a signiﬁcant reduction in
hyperopia associated with relative increases in LT, CR,
VC depth, CT and OL over the recovery period (Table 3).
By the end of the recovery period, all groups had almost
completely recovered from lens-induced changes, irrespec-
tive of the sign of lens worn previously (Fig. 3a). Thus the
ocular dimensions of treated and fellow eyes were closely
matched at this time for both the plus and minus
lens-CLrCL groups, except for slightly greater hyperopia
in treated eyes relative to their fellow eyes in the +10 D
lens-CLrCL group (+2.0 ± 2.0 D, p < .05). Some interocu-
lar diﬀerences also were noted in the CLrNL and NLrNL
groups. For example, the VCs of treated eyes of both of
the CLrNL groups and the plus lens-NLrNL groupwere sig-
niﬁcantly longer than those of their respective fellows at the
end of the recovery period (0.234 ± 0.104 mm, plus-CLrNL,
p < .005; 0.282 ± 0.169 mm, minus-CLrNL, p < .05;
0.163 ± 0.102 mm, plus-NLrNL, p < .05) (Fig. 3c), and sim-
ilar trends also were evident in the OL data for the plus lens-
CLrNL group and bothNLrNL groups (0.168 ± 0.076 mm,
plus-CLrNL, p < .005; 0.193 ± 0.100 mm, plus-NLrNL,
p < .01; 0.153 ± 0.059 mm, minus-NLrNL, p < .005)
(Fig. 3b).
3.3. CL-induced changes and recovery in NL
Many of the now well-characterized eﬀects of CL on eye
growth in the chick (Jensen &Matson, 1957; Kinnear et al.,
1974; Li et al., 1995) were evident after only 7 days of CL
(both eyes of chicks reared in CL), but became more exag-
gerated after a further 14days in CL (untreated fellow eyes
of the CLrCL group). AC growth was aﬀected early, with a
shallowing of AC depth evident in the data by day 7
1862 V. Padmanabhan et al. / Vision Research 47 (2007) 1855–1868(Tables 4 and 5). This diﬀerence in AC growth between the
NL and CL groups also was statistically signiﬁcant
(0.108 ± 0.052 mm, p < .0001, day 7) (Fig. 4a). VCs
increased more than normal in CL but this eﬀect of CL
developed more slowly than the AC eﬀect, with changes
not reaching statistical signiﬁcance until the end of the
third week (0.253 ± 0.299, p < .05, day 21, CLrCL group)
(Fig. 4b). Small, albeit statistically signiﬁcant, decreases
in CT were recorded at the end of the second week in CL
(CT: 0.050 ± 0.038 mm, p < .001; data from CLrCL
and CLrNL groups pooled). CL did not signiﬁcantly alter
RE (Table 5).
Just 1 week in NL was suﬃcient to reverse the CL-
induced growth patterns. Thus, AC growth accelerated
while VC growth slowed in the fellow untreated eyes of
the CLrNL group, resulting in signiﬁcant diﬀerences inTable 4
Mean ocular parameters (±SD) on day 7, at the end of the pre-lens period, for e
in constant (CL) and normal (NL) lighting
Ocular parameter Constant lighting
+10 D lens group 10 D lens group
Refractive error (D) +2.5 ± 1.25 +3.0 ± 1.5
Corneal radius of curvature (mm) 3.240 ± 0.139 3.203 ± 0.108
Anterior chamber depth (mm) 1.347 ± 0.052 1.328 ± 0.032
Lens thickness (mm) 2.139 ± 0.061 2.157 ± 0.049
Vitreous chamber depth (mm) 5.535 ± 0.265 5.446 ± 0.193
Choroidal thickness (mm) 0.192 ± 0.035 0.175 ± 0.041
Optical axial length (mm) 9.021 ± 0.297 8.932 ± 0.208
Both the unpooled and pooled data across lens treatment groups are presente
Table 5
Mean ocular parameters (±SD) of the untreated fellow eyes recorded on da
prevailed (CLrCL and NLrNL) or CL conditions during the lens-wearing per
Ocular parameter Day CLrC
Refractive error (D) 7 +3.2
14 +2.7
21 +2.2
Corneal radius of curvature (mm) 7 3.21
14 3.54
21 3.86
Anterior chamber depth (mm) 7 1.33
14 1.31
21 1.35
Lens thickness (mm) 7 2.16
14 2.40
21 2.58
Vitreous chamber depth (mm) 7 5.46
14 5.96
21 6.41
Choroidal thickness (mm) 7 0.17
14 0.17
21 0.18
Optical axial length (mm) 7 8.96
14 9.67
21 10.34
Data were not normalized.growth from the other two groups (AC depth: CLrNL
vs. other two groups, p < .0001; VC depth: CLrNL vs.
CLrCL, p < .05). In both cases, the changes showed a
delayed onset, reﬂecting in the case of VC growth, a similar
delay in choroidal thickening that contributed to the recov-
ery response (CLrNL vs. other two groups, p < .0001)
(Fig. 4d). By day 21, the fellow eyes of the CLrNL group
had similar AC and VC depths, as well as LTs to those
of the NLrNL group although LT showed an early tran-
sient increase (CLrNL vs. other two groups, p < .05, day
16) (Fig. 4c), and CTs and RTs remained thicker on day
21 (CT: CLrNL vs. other two groups, p < 0.0001; RT:
CLrNL vs. other two groups, p < .05). Although no statis-
tically signiﬁcant change in CR was observed under CL, a
small but signiﬁcant decrease in CR was recorded over the
recovery period (CLrNL vs. CLrCL, p < .05). There wereyes subsequently ﬁtted with lenses (data not normalized), for chicks reared
Normal lighting
Pooled data +10 D lens group 10 D lens group Pooled data
+2.75 ± 1.5 +3.25 ± 1.25 +2.75 ± 1.0 +3.25 ± 1.0
3.222 ± 0.124 3.160 ± 0.099 3.326 ± 0.154 3.235 ± 0.148
1.338 ± 0.044 1.445 ± 0.025 1.474 ± 0.038 1.458 ± 0.034
2.148 ± 0.055 2.136 ± 0.062 2.149 ± 0.035 2.142 ± 0.049
5.492 ± 0.233 5.354 ± 0.191 5.587 ± 0.080 5.460 ± 0.189
0.184 ± 0.038 0.230 ± 0.037 0.208 ± 0.040 0.220 ± 0.038
8.978 ± 0.257 8.935 ± 0.224 9.210 ± 0.108 9.060 ± 0.224
d.
ys 7, 14 and 21 of the 3-week study period; either CL or NL conditions
iod were replaced by NL conditions during recovery period (CLrNL)
L CLrNL NLrNL
5 ± 1.0 +2.5 ± 1.25 +3.0 ± 1.0
5 ± 0.75 +3.0 ± 0.5 +3.25 ± 0.75
5 ± 0.75 +2.25 ± 0.75 +2.5 ± 0.75
7 ± 0.117 3.279 ± 0.128 3.262 ± 0.134
9 ± 0.091 3.647 ± 0.140 3.541 ± 0.106
2 ± 0.131 3.837 ± 0.153 3.782 ± 0.070
8 ± 0.053 1.334 ± 0.051 1.448 ± 0.047
7 ± 0.085 1.310 ± 0.088 1.589 ± 0.042
0 ± 0.119 1.632 ± 0.115 1.707 ± 0.044
2 ± 0.053 2.149 ± 0.053 2.142 ± 0.053
0 ± 0.054 2.381 ± 0.058 2.348 ± 0.056
2 ± 0.064 2.560 ± 0.050 2.539 ± 0.064
5 ± 0.235 5.608 ± 0.169 5.493 ± 0.210
0 ± 0.250 6.092 ± 0.262 5.859 ± 0.197
6 ± 0.299 6.270 ± 0.249 6.201 ± 0.223
0 ± 0.023 0.173 ± 0.036 0.200 ± 0.040
0 ± 0.037 0.183 ± 0.039 0.232 ± 0.031
0 ± 0.041 0.411 ± 0.060 0.210 ± 0.022
5 ± 0.272 9.090 ± 0.182 9.083 ± 0.253
7 ± 0.278 9.783 ± 0.228 9.795 ± 0.237
8 ± 0.311 10.461 ± 0.231 10.447 ± 0.276
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Fig. 4. The changes in ocular parameters over the experimental period in the untreated eyes: (a) vitreous chamber (VC) depth, (b) anterior chamber (AC)
depth, (c) lens thickness (LT) and (d) choroidal thickness (CT). Means ± SE for pre-normalized data plotted. Dashed lines with circles represent chicks
reared in CL throughout (CLrCL). Dotted lines with triangles indicate chicks reared in CL followed by NL (CLrNL). Solid lines with half-shaded squares
represent chicks reared in NL throughout (NLrNL). CL rearing slowed AC growth while increasing VC growth. On return to NL, eyes recovered
completely; compare VC and AC depths of CLrNL and NLrNL groups. A delayed but sustained increase in CT contributed to the regression in CL-
induced increase in VC depth in the CLrNL eyes. The recovery response of the AC was also delayed, for 2 days after transfer to NL. An early transient
increase in LT upon returning to NL was also evident.
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ery period (Table 5).
4. Discussion
The three main ﬁndings of this chick-based study are
that: (1) compensation to the defocus imposed by minus
lenses is disrupted by CL conditions, while compensation
for the defocus imposed by plus lenses is near normal,
albeit slightly exaggerated; (2) eyes can recover in both
CL and NL from experimentally induced hyperopia when
the inducing stimulus is removed and (3) eyes can recover
from CL-induced alterations in their ocular dimensions
when shifted to NL. The following discussion will consider
these data in the context of the mechanisms underlying
ocular growth regulation and emmetropization.
4.1. Responses to lens-induced defocus in CL compared to
NL conditions
Under NL conditions, chicks respond in a very predict-
able and reliable way to imposed defocus (Irving et al.,
1995; Wildsoet & Wallman, 1995), elongating faster than
normal in the presence of minus lenses and slowing their
growth in response to plus lenses. Both the sclera and cho-roid contribute to these responses, the net refractive eﬀect
of minus and plus lenses being induced myopia and hyper-
opia, respectively, reﬂecting the associated changes in vitre-
ous chamber depth. Choroidal responses take the form of
thinning with imposed hyperopia, and thickening with
imposed myopia, and tend to precede scleral responses that
are expressed as changes in scleral thickness and/or the
length of the scleral cup.
Equivalent data collected under CL show a similar,
albeit slightly exaggerated, response proﬁle for plus lenses
but eyes failed to compensate for the defocus imposed by
the minus lenses in CL. Nonetheless, both plus and minus
lenses elicited responses, implying that the defocus stimulus
was detected in both cases. While the earlier study by Bart-
mann and co-workers (1994) using a bilateral lens para-
digm reported near normal responses to imposed defocus
under CL, visual inspection of the graphs included in this
paper suggests that the plus lens response is exaggerated,
while the minus lens response is inhibited, just as we found.
A lack of an adaptation period and/or the use of hatchling
chicks in the only other related study, by Guo and co-
workers (1996), may underlie the diﬀerent outcomes of
our two studies—partial compensation vs. a failure of com-
pensation to imposed hyperopia in the current study. For
example, hatchlings have functionally immature retinas
1864 V. Padmanabhan et al. / Vision Research 47 (2007) 1855–1868(Fosser, Brusco, & Rios, 2005; Schmid & Wildsoet, 1996b)
and it is likely to take at least a couple of days of exposure
to CL for ocular rhythms to be lost (Weiss & Schaeﬀel,
1993; Parkinson & Rando, 1983; Zawilska, Bednarek,
Berezinska, & Nowak, 2003).
Taking into account that CL alone enhances VC elonga-
tion, the failure of eyes wearing minus lenses in CL to fur-
ther increase their rate of growth to compensate for the
imposed hyperopia, as observed in the current study, could
indicate a limited capacity of eyes to upregulate their
growth. This ‘‘maximum-growth’’ model can explain the
results of Guo et al. (1996) who reported partial compensa-
tion to minus lenses after 2 weeks in CL and a similar
explanation has been oﬀered for the altered responses of
eyes to form deprivation in CL (Bartmann et al., 1994).
However, while the majority of eyes (67%), initially grew
in the correct direction for compensation to minus lenses
in CL in the current study, only 25% of eyes maintained
this growth pattern over the remainder of the treatment
period. This reversal in the direction of growth contrasts
with the eﬀect of increasing the amount of imposed hyper-
opia in NL, which is to increase the time required for com-
pensation rather than a reversal of growth direction
(Wildsoet, 2003; Yew, 2004). Thus our CL data suggest
an error in the decoding of the sign of the imposed defocus.
An alternative explanation for the failure of eyes to
compensate to the minus lenses in CL that need not pre-
clude a decoding error as proposed above, focuses on the
role of retinal dopamine in eye growth regulation (Retinal
dopamine theory). Indeed, the dopamine (DA) depleting
eﬀect of CL (Lauber, 1987; Morgan et al., 2004) oﬀers a
potential explanation for why both form deprivation and
minus lens responses are impaired in CL. For example,
form deprivation is known to alter retinal DA rhythms,
and also reduce turnover (Stone, Lin, Laties, & Iuvone,
1989); if these changes are causally linked to the induced
growth response, then one would predict an attenuated
response to form deprivation under conditions that prema-
turely deplete retinal DA. Also of interest to the current
study is the ﬁnding that short-term CL exposure (2 days)
increases the daytime retinal DA levels, at the same time
suppressing the DA rhythm (Parkinson & Rando, 1983;
Zawilska et al., 2003), contrasting with the long-term DA
lowering eﬀect of CL. This diﬀerence between the short
and long term eﬀects of CL on retinal DA could explain
the partial responses to minus lenses reported in the Guo
et al. (1996) study in which the lenses were added at the
start of the CL period. These arguments in relation to
minus lens responses rest on the assumption that they also
deplete retinal DA, like form deprivation. Also, if myopic
defocus is signaled via an increase in retinal dopamine, this
would explain why the plus lens responses were preserved.
However, there is no consistency in the results from lens
studies in chicks in relation to their eﬀects on retinal DA
(Bartmann et al., 1994; Boelen, Megaw, Crewther, Crew-
ther, & Morgan, 1999; Guo, Sivak, Callender, & Diehl-
jones, 1995; Ohngemach, Hagel, & Schaeﬀel, 1997;Schaeﬀel, Bartmann, Hagel, & Zrenner, 1995). Further
investigations into the eﬀects of lens wear in CL on retinal
dopamine release and metabolism are warranted to follow-
up on these conjectures.
Our ﬁnding that altered light exposure during rearing
selectively disrupts compensation to minus lenses in chicks
is not new in of itself. Kee, Marzani, and Wallman (2001)
found that interrupting the dark (night) cycle with brief
periods of light also disrupted compensation to minus
lenses but did not impair compensation to plus lenses.
Because these conditions, like CL, are expected to perturb
diurnal rhythms, it is tempting to argue, based on our data
and that of Kee et al., that a normal diurnal light cycle is an
essential pre-requisite for compensation to minus lenses.
However, the ﬁnding of Yew and Wildsoet (2003), that
such interrupted night eﬀects are also lens power-depen-
dent suggests that this interpretation is an over-
simpliﬁcation.
The main focus of the above discussion has been on the
response to minus lenses in CL. With the experimental par-
adigm used in the current study, the response to plus lenses
was slightly exaggerated; eyes in CL initially showed
greater choroidal thickening and their scleral cups elon-
gated less compared to eyes in NL. These results are inter-
esting in that they indicate that the growth signals
generated by plus lenses are more robust than those gener-
ated by the CL conditions, which promote scleral growth
and choroidal thinning. In this respect, there is a parallel
between the responses to CL and minus lenses (hyperopic
defocus), both of which fail in competition with plus lenses
(myopic defocus) (Diether & Wildsoet, 2005; Winawer &
Wallman, 2002). Also, while eyes compensate for repeated
brief exposure to plus lenses, they do not compensate for
equivalent periods of minus lens wear (Winawer & Wall-
man, 2002). These direction-related diﬀerences in ocular
growth responses may reﬂect related diﬀerences in their
temporal dynamics or the nature of the responses. None-
theless, it is unclear why Guo et al. observed only partial
compensation to plus lenses when we found this response
to be slightly exaggerated, although inter-study diﬀerences
in the age of the chicks may be a contributing factor.4.2. Evidence for diﬀerent mechanisms underlying
compensation to lens-imposed hyperopia and experimentally
induced hyperopia
That chicks reared in NL were able to recover from lens-
induced changes when the lenses were removed, irrespec-
tive of the sign of the imposed defocus, is consistent with
earlier reports (Wildsoet & Wallman, 1995), and so
expected. However, that chicks reared in CL could recover
from induced hyperopia, under both CL and NL condi-
tions is counterintuitive, given that eyes showed only tran-
sient, partial compensation for hyperopic defocus when
imposed by minus lenses in CL. These disparate ﬁndings
argue against the notion of a shared mechanism for lens
V. Padmanabhan et al. / Vision Research 47 (2007) 1855–1868 1865compensation and recovery responses, at least for hyper-
opic defocus.
In the current study, the changes during the recovery
period mostly reversed those induced over the lens-wearing
period. Thus in the CLrCL group, eyes that became hyper-
opic in response to lens wear, subsequently showed rela-
tively greater increases in vitreous chamber depth and
optical axial lengths than their untreated fellow eyes, to
become similar to them in terms of ocular dimensions,
although in terms of refractions, they were relatively hyper-
opic. While others have raised the possibility of passive
shape mechanisms in explaining the recovery of normal
ocular shape in eyes made to grow away from their normal
dimensions through experimental intervention (Schaeﬀel &
Howland, 1991; Troilo & Wallman, 1991), it must be noted
that the CL conditions experienced by the CLrCL group
preclude eyes ever achieving normal ocular dimensions.
Thus recovery from induced hyperopia under CL is likely
to be at least partly visually guided, a conclusion that seems
to apply to recovery data generally, based on the results of
another study showing that optical correction of induced
myopia inhibits recovery (Wildsoet & Schmid, 2000). Anal-
yses of growth rates during the recovery process in the cur-
rent study are also more consistent with active
emmetropization, at least under NL conditions. Speciﬁ-
cally, growth rates of both the vitreous chamber and opti-
cal axial length increased to become greater than normal in
eyes responding to induced hyperopia but slower below
normal for induced myopia. Further implicating active
processes is the ﬁnding that eyes had longer vitreous cham-
bers and optical axial lengths compared to their fellow
eyes, after recovering from induced hyperopia in NL, irre-
spective of the previous lighting conditions. Only those
recovering in CL became closely matched in ocular dimen-
sions to their fellow eyes. Thus visually guided mechanisms
must be acting in concert with any passive, non-visual
mechanism to allow young eyes to recover from induced
refractive errors.
The recovery of previously lens-treated eyes of chicks
switched from CL to NL indicates that any eﬀect of CL
on emmetropization is reversible on restoration of normal
lighting. These eyes provide further evidence of a contribu-
tion of active emmetropization to such recovery responses,
their vitreous chambers showing greater elongation than
their fellow eyes whose vitreous chambers also normalized
in dimensions with the switch from CL to NL conditions.
They also provide evidence for diﬀerential regulation of
the anterior and posterior vitreous chamber segments as
described elsewhere (Fisxher, Morgan, & Stell, 1999; Wild-
soet & Pettigrew, 1988; Wildsoet & Wallman, 1995). Spe-
ciﬁcally, while there were interocular diﬀerences in
vitreous chamber elongation, increases in anterior chamber
depth were similar for treated eyes and their fellows.
Finally, that intraocular pressure (IOP) was lower in the
eyes of chicks reared in CL (as reported by Li et al.,
2002), and recovered to normal levels in those returned
to NL (Padmanabhan, 2005), suggests a possible interde-pendence between intraocular pressure (IOP) and anterior
segment development.
Why do eyes retain their ability to recover from induced
hyperopia yet lose their ability to compensate for the
hyperopia imposed by minus lenses in CL? While both
recovery from induced hyperopia and compensation to
lens-imposed hyperopia require similar directions of
growth, the starting points are diﬀerent; speciﬁcally, for
hyperopia to be induced by the lenses, eye growth had to
be slowed and with the removal of the lenses during the
recovery, this restraining inﬂuence on now relatively
shorter eyes was eliminated. As anterior segment changes
also had largely stabilized, even a return to ‘‘normal’’
growth (CL-induced increases vitreous chamber elonga-
tion), would have facilitated recovery. The inﬂuences of
ocular growth rhythms in these recovery processes are less
clear. Thus while a study by Nickla (2006) links ocular
growth rates with the phase relationship of the rhythms
in axial elongation and choroidal thickness, for eyes of
chicks responding to lens-imposed hyperopia (minus lens
response) and eyes recovering from induced hyperopia,
our result that CL does not perturb the recovery response
to induced hyperopia although it is known to perturb ocu-
lar growth rhythms on its own, suggests a more complex
picture.
4.3. Choroidal contribution to recovery from CL-induced
changes
Although recovery from CL-induced ocular changes has
been reported previously (Li et al., 2002; Li et al., 2004),
our study represents the most comprehensive study of its
kind, with high frequency A-scan ultrasonography provid-
ing new insight into the changes in the posterior layers of
the eyes. In the current study, the eﬀects of CL had largely
been reversed after a week in NL with the exception of cho-
roidal thickness that progressively thickened over this per-
iod. The latter response is likely to be compensatory, as the
normalization of anterior chamber depth dimensions
would have resulted in an increase in the optical axial
length and myopia over the same period, had these changes
not been oﬀset by choroidal thickness changes. This result
also implies that active emmetropization was once again
functioning, even if perturbed under the CL conditions.
In the current study, there were no signiﬁcant changes in
either corneal radius of curvature or refractive error in eyes
exposed to the 3 weeks of CL, although slight corneal
steepening was observed in eyes returned to NL for the last
week of the study period. These results contrast with the
observations of hyperopia and corneal ﬂattening in just 2
weeks of CL in the Cornell-K strain of White-Leghorn
chicks (Li et al., 1995; Stone et al., 1995). And recovery
also appears to be slower in this strain although the direc-
tion of the changes are similar to those reported here
(Wahl, Li, & Howland, 2002). These diﬀerences are likely
to be breed-related as reported previously (Schmid & Wild-
soet, 1996a; Stone et al., 1995; Troilo, Li, et al., 1995).
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monkeys and humans
As already referred to in the introduction, a number of
studies have explored the possible link between the dura-
tion of daily light exposure and myopia in humans (Chapell
et al., 2001; Czepita, Goslawski, Mojsa, & Muszynska-
Lachota, 2004; Loman et al., 2002; Quinn et al., 1999).
Because of confounding factors in these studies and nega-
tive ﬁndings in other related studies (Guggenheim et al.,
2003; Gwiazda et al., 2000; Saw et al., 2001; Saw et al.,
2002; Zadnik et al., 2000), a causal link between excessive
light exposure and myopia in humans remains to be estab-
lished. Even if proven, there is likely to be a critical period
within which light-induced changes are reversible, based on
the ﬁndings reported here.
In studies investigating the eﬀects of CL on emmetropi-
zation in the rhesus monkey, neither lens compensation nor
recovery responses in monkeys was found to be compro-
mised by CL (Smith, Hung, Kee, Ying, & Ramamirtham,
2003), and otherwise untreated eyes showed normal growth
patterns in CL (Smith, Bradley, Fernandes, Hung, & Boo-
the, 2001; Smith et al., 2003). Although the possibility that
monkeys cover their eyes while sleeping in CL cannot be
ruled out as an explanation for this negative result, there
is evidence for a role of pineal gland in the CL eﬀects on
eye growth in the chick (Li & Howland, 2003), with no
equivalent pineal gland-mediated mechanism being plausi-
ble in monkeys because of its deeper location [this is true of
primates as well as mammals (Lockley et al., 1998; Meijer,
Thio, Albus, Schaap, & Ruijs, 1999; Skene, Lockley, Tha-
pan, & Arendt, 1999; Yamazaki, Goto, & Menaker, 1999)],
and protection from light exposure by a much thicker cra-
nium (Smith et al., 2001; Smith et al., 2003). However,
there are also local ocular growth regulatory mechanisms
that are perturbed by CL, at least in chick (Li & Howland,
2003). Further investigations are required to understand
more about these ocular circuits and whether equivalent
circuits exist in the primate eye.
5. Conclusion
In the current study, rearing chicks in constant light was
found to diﬀerentially aﬀect the compensatory responses to
imposed focusing errors, disrupting the response to hypero-
pia (minus lenses), with minimal eﬀect on the response to
myopia (plus lenses). Paradoxically, these rearing condi-
tions had little eﬀect on the ability of eyes to recover from
induced hyperopia, the product of lens wear. These results
imply that diﬀerent mechanisms underlie the responses to
these two types of hyperopia. It is possible that the altered
response to minus lenses in CL is linked to the retinal dopa-
mine-depleting eﬀect of CL, although eyes that are already
elongating faster than normal, as in CL, may be limited in
their capacity to further increase their rate of vitreous
chamber elongation to compensate for imposed hyperopia.
Because eyes with induced hyperopia are initially shorterthan their fellows, even a return to normal growth will facil-
itate recovery. The eﬀects of CL were reversible, as evi-
denced by the ability of eyes to recover from both lens-
and CL-induced refractive changes when animal are
returned to normal light. Understanding more about the
changes to the dopamine and ocular growth rhythms
changes provoked by the visual and lighting manipulations
used in this study could provide more insight into their roles
in emmetropization.
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